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Abstract

High-energy interaction cross-sections of A = 20 nuclei (?°N, 200, 20F, 20Ne, 20Na,
*Mg) on carbon were measured with accuracies of & 1%. The nuclear matter rms radii de-
rived from the measured cross-sections show an irregular dependence on isospin projection.
The largest difference in radii, which amounts to approximately 0.2 fm, has been obtained
for the mirror nuclei *°0 and 2°Mg. The influence of nuclear deformation and binding en-
ergy on the radii is discussed. By evaluating the difference in rms radii of neutron and proton
distributions, evidence has been found for the existence of a proton skin for 2°Mg and of a
neutron skin for 20N,

1 Introduction

Generalized moments of nuclear density distributions are basic characteristics of nu-
clet and reflect main features of nuclear structure. The measurement of root mean
square (rms) matter radii of light neutron-rich nuclei, for example, lead to the dis-
covery of extended neutron halos or neutron skins [1,2]. There is corresponding ex-
perimental evidence that the phenomenon of proton halos or proton skins is to be ex-
pected for very proton-rich nuclei even though such an effect is strongly suppressed
by the Coulomb force. For example, the data obtained from high-energy proton elas-
tic scattering on A = 48 isobars were interpreted by assuming that the rms matter
radius < r2, >!/% of *8Ti, having two protons in excess to the closed sd-shell, is
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larger than that of *8Ca [3]. Indeed, as was shown later, the charge radii < r? >1/2
of #4=%0Tj are larger by about 0.1 fm than those of the corresponding calcium iso-
bars (see, for example, the discussion in ref. [4]). The enhanced interaction cross-
section for the ®B nucleus [5] and the narrow longitudinal momentum distribution
of "Be fragments from the ®B - breakup [6] yielded evidence for the existence of
a very extended proton distribution in ®B. Recently an increase of matter radii on
the proton-rich side of 4 = 17 isobars has been deduced from a measurement of
high-energy interaction cross-sections [7]. The enhanced < r2, >'/2 for 1"Ne was
also explained by a specific shell structure of this nucleus [8]. The **Mg nucleus,
consisting of a very tight 'O core and four weakly bound protons above the closed
p - shell, is a good candidate for the search for a proton skin as well.

Several methods exist to determine the radial parameters of nuclear matter density
distributions and, in particular, the difference between proton and neutron distri-
butions in nuclei: « - scattering at moderate energy, high-energy proton scattering,
(x7,77) - and (r*, ") - scattering, and, finally, the measurement of high-energy
nucleus-nucleus interaction cross-sections o;. All these methods have nearly the
same sensitivity and give noncontradictory results (see, for example, refs. [9,10]).
However, only the last one can be used in the case of nuclei very far from the beta
stability line, where the intensities of secondary beams are limited to a few ions per
second.

Nuclear matter radii are influenced by many factors, e.g. binding energy [11,12],
odd-even staggering [13], zero-point motions of the surface [14], shell closure ef-
fects and deformation [15,16]. Therefore, comprehensive studies of a wide range of
nuclei are necessary to draw definite conclusions. Such measurements can be per-
formed by using intermediate energy or relativistic heavy-ion reactions, which give
access to exotic nuclei within a wide range of the N/Z ratio. The aim of the exper-

iment described here was the investigation of o; and of matter radii for a chain of
A = 20 isobars.

We will show in this paper that o; mainly depends upon the rms radius of the matter
distribution and is only slightly affected by the difference in neutron and proton radii
and by the shape of the density distribution. Based on these arguments, rms matter
radii can be obtained from the measured values of o;. It is clear that the changes of
rms radii within an isobaric sequence are of special interest. However, changes in
the < r2, >!/2 are not necessarily accompanied by a neutron or proton excess at the
nuclear surface. We shall determine the differences in neutron and proton distribu-
tions by comparing the rms matter radii, measured in this work, to the rms radii of
the proton distributions < r2 >!/Z obtained either experimentally or via extrapo-
lation of existing experimental data by using relativistic mean field theory (RMF)
calculations.



2 Experimental setup

Secondary beams of *°N, 2°0O, ?°F, ?*Ne, ?**Na and ?°Mg were produced at the GSI
Fragment Separator FRS [18]. **Ar and *° Ar beams with intensities of up to 2 x 10°
ions per second were accelerated to 1050 A-MeV by the heavy ion synchrotron SIS
and then fragmented in Be production targets of 4 g/cm? and 1 g/cm?. The o; of
A = 20 nuclei on carbon were determined by a transmission-type measurement.
For this purpose, different carbon targets with thicknesses of 7.5 and 3.7 g/cm? were
placed at the intermediate focal plane F2 of the FRS. The homogeneity in thickness
of these targets was better than 0.01%. The reaction products were isotopically iden-
tified in the first stage of the FRS (upstream from the target positioned at F2), as
well as in the second stage of the FRS (downstream from the F2 target) with a AE -
TOF - Bp method, respectively. By using this method, the ratio of incoming and
transmitted (non-reacting) particles was determined for each well-defined isotope.
From this ratio the desired o values were obtained.
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Fig. 1.

Experimental setup for the measurement of interaction cross-sections of A = 20 nuclei by
using the transmission method.

The experimental setup, which was also used for determining o values of a chain
of sodium isotopes [17], is shown in Fig. 1. Besides the magnetic rigidity (Bp) anal-



ysis of secondary beams in the FRS and slits for suppression of unwanted isotopes,
several detectors have been used for the reaction product identification upstream
and downstream from the F2 target. The nuclear charge Z was derived from en-
ergy deposition (AE) measurements performed by using a stack of five 3 mm thick
plastic scintillators at F2 and a multisampling ionization chamber (MUSIC) at the
focal plane F4. For determination of the nuclear mass A, the time of flight (TOF)
for each fragment was measured between F1 and F2 (18 m) as well as between F2
and F4 (36 m), using fast plastic scintillators which are denoted by SC11, stack and
SC41 in Fig. 1. In both sections of the FRS, i.e. upstream and downstream from F2,
the A Eresolution of (Z) = 0.18 and the TOF resolution of ¢ (TOF) = 100 ps were
sufficient to unambiguously identify A and Z for each fragment. The contamination
from neighboring isotopes was less than 0.1 %.

It is crucial for any transmission measurement to accurately count all non-interacting
particles downstream from the F2 reaction target. For our experimental setup (see
Fig. 1) this requires the transmission between the F2 and F4 focal planes to be the
same for the measurements with and without F2 target. In order to control the diver-
gence of the secondary beams which might cause particle losses due to the limited
geometrical acceptance of the FRS (¢(,) = 20 7rmm mrad, %,P— =41 % [18]), two
fast multiwire proportional chambers (MWPC) with single wire readout were placed
in front of the F2 target. These chambers can be operated with a beam intensity of
up to 5 x 10° ions per second. Ray-tracing of the beam particles enabled us to cut the
beam emittance in an offline analysis and to guarantee full transmission. The details
of the offline analysis are discussed in Section 3.

An additional carbon target placed at F4, combined with a AE - TOF measurement
based on the scintillators SC41, SC42 and SC43 ( see Fig. 1), enabled us to ob-
tain nuclear charge-changing cross-sections for the fragmentation of the secondary
beams.

3 Interaction cross-sections

The o values have been derived from measurements performed with and without
F2 target:

oy = %log (112{‘0:‘) ()

where t is the target thickness and Rinou) = N n(out) /N;"("“‘) is the ratio of the
number of beam particles (N'™(°*))) which passed through the target without inter-
action, to the number of incident beam particles (N;"(""‘)), determined with (sub-
script in) and without (subscript out) target in the beam. There is an additional term



which takes into account the effect of energy loss in the F2 target and the interac-
tion of the beam particles with material located downstream. Since o for relativistic
heavy ions is almost independent from the ion energy this term can be neglected.

Systematical uncertainties in the experimental transmission between F2 and F4 arise
from the following effects:

— The transmission of the beam particles through the second stage of the FRS was
not 100% due to its limited geometrical acceptance. Energy and angular stragg-
ling in the target result in different transmissions for the measurement with and
without target at F2. The difference in transmission (which has a strong influence
on the resulting o, ) strongly depends on Z and varies from 4% for °Mg to less
than 0.3% for °N. This effect was taken into account by two methods. Firstly,
differences in transmission were calculated by using the Monte-Carlo code MO-
CADI [19], and the o, values were corrected correspondingly. Secondly, a set of
position-sensitive fast proportional chambers (MWPC) in front of the F2 target
was used to introduce cuts on the angular divergence and momentum spread of
the secondary beams. The o; values were then determined for different cuts till
saturation was reached. Both methods gave the same results within the statistical
erTors.

— The MUSIC chamber which was used for Z - identification at F4 is a slow device.
Its characteristics thus depends on the count rate at F4, which was quite different
for the measurements with and without F2 target. Since the F2 target acts as a de-
grader, the admixture of isotopes with different Z produced in the beryllium tar-
get was strongly reduced for the measurements with F2 target. This effect, which
is most important for fragments with low production cross-section leads, e.g. for
the case of 2°N and the thick F2 target, to a 5% decrease of the FWHM of the en-
ergy loss measured by the MUSIC. As rather long time gates (= 5us) were used
for the MUSIC chamber there was a non-negligible probability that the MUSIC
signal of an ion sums with that of another ion of higher Z. In this case the ADC
registered an energy deposition which corresponds to higher Z values. This ef-
fect is especially important for low Z isotopes and, in the worst case, accounts
for nearly 1.5% of the events measured. To compensate for this specific MUSIC
properties, the MUSIC response function was carefully studied for different count
rates and for each kind of beam particles using the AE - TOF information from
the fast scintillation detectors SC41, SC42 and SC43.

— The ions arriving at F2 may induce fragmentation reactions in the target. The frag-
ments with Bp values close to the one selected can reach the detectors at F4 yield-
ing well separated peaks in the energy loss spectra. The corresponding corrections
can easily be introduced. In the case of the thick F2 target, this effect contributed
by 0.4 - 0.8% to the F4 count rate.

— Statistical uncertainties were estimated in the following way. In the geometry used
in our experiment with fixed numbers of incoming primary fragments N'" and
N2t the number of reactions in the target N'™ — N'™ follows a binomial distribu-
tion with the probability of noninteraction p = N**/N'™. The standard deviation



Table 1

Experimental interaction cross-sections o (mb) and deduced rms matter radii (fm) from the
present work for different density parametrizations: the modified harmonic-oscillator model
(MHO) and the two parameter Fermi model (2pF). Details are given in the text.

Nucleus | o7 (mb) rms matter radius (fm)

MHO | 2pF* | 2pF™

Mg 1150(12) | 2.89(3) | 2.86(3) | 2.86(3)

*ONa 1094(11) | 2.73(3) | 2.69(3) | 2.74(3)

20Ne 1144(10) | 2.87(3) | 2.84(3) | 2.85(3)
20 1113(11) | 2.793) | 2.75(3) | 2.78(3)
200 1078(10) | 2.69(3) | 2.64(3) | 2.70(3)
20N 1121(17) | 2.81(4) | 2.77(4) | 2.80(4)

* the half density parameter ry was varied to adjust the calculations to the experimental data
** the surface thickness parameter a was varied to adjust the calculations to the experimental
data

in this case 1s ép = . The statistical uncertainty of o (see formula 1) is
thus equal to:

1 |1 — Rout 1 — Rin
So;r = — ‘ 2
a1 t\/Ng"'th * NeR., 2)

In addition, the above-mentioned effects introduce systematical uncertainties on
the level of about 0.8 %.

The resulting o; values shown in Fig. 2(a) and Tab. 1 reveal a rather irregular depen-
dence on the isospin projection T,, which we want to discuss in comparison with re-
sults from other experiments. Besides the present measurement several experiments
have determined o; for the A = 20 isobars [20-23], however at different energies
and with different target nuclei. A direct comparison with the results of present ex-
periment is therefore not possible. Nevertheless, one can compare the results on the
basis of a model parameterization.

The hard-spheres model of “colliding billiard-balls” in which o = 7R3(AL3 +

h / 3)2, with A, and A; being the mass numbers of projectile and target, reproduces
the main properties of high-energy heavy-ion reactions on complex target nuclei.
On the other hand, the model is inaccurate in many cases due to the absence of any



energy dependence. The empirical parameterization of o based on the hard-spheres
model yields, however, a very good description of the o behavior, if the experimen-
tal data are carefully fitted over a wide range of energy and for a variety of colliding
systems [24]:

3
A4y

or = 7'('7‘(2)- ‘4,1)/3+At1/3 +a——————41/3+A1/3
Ap ¢

- C(E)

] o

where a is an asymmetry parameter, B, = ﬁ%ﬁ) is the Coulomb barrier,
Zp and Z; are the atomic numbers of projectile and térget, and C(E) = 0.31 +
0.0144F /A, for E < 100-A MeV (1.75 for higher energies) is an energy dependent
parameter. It was found that a is independent on the beam energy and projectile-
target combination [24] while the strong absorption radius ry contains information
on the size of the nuclei involved [22].
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Fig. 2.
(a) Interaction cross-sections measured for A = 20 isobars. (b) Comparison of the strong
absorption radius parameter r3 for measurements at different incident energies. A norma-
lization was made for 2°0. Experimental data from this work at 950 MeV/u are shown by
solid circles, open circles indicate data from ref.[20] at 30-60 MeV/u, triangles from ref.[21]
at 19-25 MeV/u, squares from ref.[22] at 30-60 MeV/u, and thombuses from ref.[23] at 40-
60 MeV/u.

Equation (3) provides a way to compare the reaction cross-sections at different en-
ergies in terms of the ry parameter. It is interesting to note the surprisingly linear
dependence of ry on the neutron excess, which does not depend on the atomic num-
ber of nuclei, as has been pointed out in ref. [23]. This result, however, was not con-



firmed by another measurement [21].

Fig.2(b) compares the r values for the A = 20 isobars obtained from the present ex-
periment with those measured at lower energies. In order to compensate for possible
influences of the different target nuclei, a normalization was made for *°O, the only
common nucleus in all measurements. As can be seen in Fig.2(b), some of the ex-
isting experimental data agree well with the data obtained from present work, while
others deviate. Our conclusion is that this discrepancy is due to either experimen-
tal problems in the low energy experiments or limits of the simple parametrization
shown by equation (3). We shall not discuss this point any further, but shall return
to an interpretation of the high-energy o, data in Section 5.

4 Charge-changing cross-sections

Nuclear fragmentation in intermediate and high-energy nucleus-nucleus collisions
represents a problem of such complexity that the variety of reaction mechanisms 1s
commonly replaced by statistical methods. The fragmentation process is usually de-
scribed by two-step abrasion-ablation models (see ref.[25] and references therein).
In the abrasion stage, the intranuclear cascade or the so called participant-spectator
process leads to the removal of nucleons from the projectile. The remaining part of
the projectile (prefragment) is excited and undergoes subsequent particle emission
in the second (ablation) stage. The mechanism of abrasion determines the nucleon
composition of the prefragments and the transferred excitation energy, both parame-
ters influencing drastically the results of the ablation stage. The structure of the pro-
jectile (e.g. the proton (neutron) excess at the nuclear surface and nuclear clustering)
has been ignored in the description of the first stage. This approximation works well
for collisions between heavy nuclei. However, this is not the case for the fragmenta-
tion of light nuclei where statistical methods cannot be applied, and both the reaction
mechanism and the internal structure of the projectile influence the fragment distri-
butions. For example, the fragmentation of nuclei with a well developed « - cluster
structure (12C, 160, 2°Ne) can be successfully described by models based on an a-
nucleon interaction (e.g. « - cluster knockout) {26,27]. Moreover, it has been found
that nucleon-nucleon correlation effects inside the participating nuclei are far from
being negligible [28]. Therefore, one can expect that the special structure of **Mg
may lead to an unusual type of fragmentation reaction.

To study this phenomenon, the charge-changing cross-sections (o) for the A = 20
isobars were measured in the present experiment. For this purpose, a carbon target
with a thickness of 2.3 g/cm? was installed at the F4 focal plane of the FRS. The
element composition of the incoming beams was analysed by the method described
in Section 2 leading to isotopically clean beams of the desired ions. The fragments
resulting from the interaction of these ions with the F4 target were detected in a set
of two thin scintillation detectors SC42 and SC43 (see Fig.1) which covered a solid



Table 2

Z - distributions of reaction products from fragmentation of 4 = 20 nuclei.

Projectile fragment | *°Mg | 2°Na 20Ne 20F

reaction products | charge-changing cross sections (mb)
Na 5(8) - - -
Ne 123(9) | 28(8) - -
F 299) | 649 | TI(D) -
O 127(7) | 127(9) | 114(6) | 106(8)
N 46(5) | 78(8) | 96(6) | 112(8)
C 146(7) | 120(10) | 123(6) | 104(8)

angle large enough to detect the main part of the fragments. The comparison of the
energy loss spectra in these two detectors allowed to correct for the nuclear reactions
in the detectors itself. A correction for the attenuation of the beam and the secondary
fragments inside the target has been included, for the target thickness was ~ 10 %
of the beam particles mean free path. Consequently, the expression for the charge-
changing cross-section o, takes the form:

N, ar{p) — ai(z)
Np |exp(—o(2)t) — exp(—oi(p)t)

g, =

“4)

where N, /N, is the ratio of the number of reaction products to the number of pro-
jectiles, t is the target thickness and o(p, z) are the o values for projectile and frag-
ments, respectively. The o values were calculated by semiempirical formulae [24].
Since only a correction term is concerned, the sensitivity to uncertainties in oy is
very low.

The results of the measurements are shown in Tab. 2. A strong enhancement of Ne -
and O - isotope yields has been observed in the fragmentation of 2°Mg and 2°Na
nuclei. The distributions cannot be described by phenomenological partial cross-
section formulae [29]. Qualitatively, such a behavior can be explained by a com-
bination of valence proton correlations and an « - cluster structure in the core of
the incident nuclei. An isotope identification of the fragments produced is necessary
to make a final conclusion whether the enhancement observed is indeed connected
with the internal structure of the fragmenting nuclei.



5 Interaction cross-sections and nuclear radii

The o; data obtained in the present experiment have been analysed in the optical
limit of the Glauber model [30]. In this model, o; can be written as:

or=T / (1 —T(r)]rdr (5)
0

where T'(r) is the transmission function for the impact parameter r. T'(r) was calcu-
lated as the integral over an overlapping volume of colliding nuclei with the known
density distributions fp(7)(7), using total free nucleon-nucleon cross-sections o ;
(3, § refer to protons and neutrons, respectively) taken from ref. [32]:

T(r)=ezrp |— Z Oij / pT‘,'(r,z)pp_j(r,z)dz} (6)

Fes(r + 282 — ) + 6%)bdb @

Two types of density distributions have been used in the present analysis:
— the modified harmonic-oscillator model (MHO):

f(r) = poll + alr/a)*)exp (—r"/a’) (8)
— the two parameter Ferm: model (2pF):

f(r) = po/(1 +exp((ro —7)/a)) 9)

The parameters of the MHO density distribution for the '*C target nuclei were taken
from electron scattering data [36] and were corrected for the finite size of the pro-

ton:a = ,/a? — a% and ¢ = aca?/(a® + %acaf,), where af, = % < 1% >potons
< 12 >roton 18 the proton charge radius, and a. , o are the parameters of the charge

distribution obtained from ref. [36]. A value of 0.8 fm was used for < r? >:,£3,0,, (see

ref. [37] and references therein). The MHO density distribution was tested by com-
parison of o values calculated for carbon - on - carbon reactions with experimental
data. The result of this comparison is shown in Fig.3(a).

The initial parameters for the projectile density distributions were also taken from
electron scattering data. The MHO parameters were adjusted to the measured 180
charge distribution [38], while the 2pF density was assumed to be the same as for the
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measured *°Ne charge distribution [38]. In both cases we have corrected the charge
density distributions for the finite size of the proton. The Fermi density parameteri-
zation after such a correction results in a larger value for the half density parameter
o (2.816 fm instead of 2.740 fm as obtained by using data from the electron scat-
tering experiment) and a smaller value for the surface thickness a (0.512 fm instead
of 0.572 fm). The quality of the description of existing experimental o; data from
'2C+%Ne reactions is shown in Fig. 3(b). All calculations in Fig. 3(a,b) were made
without any adjustment of the parameters.
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Fig. 3.
Comparison of experimental o; for '2C+'2C (a) and ?°Ne+'%C (b) with Glauber type
model calculations (solid lines). The experimental data are indicated by circles (ref.[33]),
squares (ref.[24]), triangles (ref.[34]), inverse triangles (ref.[35]) and rhombuses (present
work). Calculations were done with density distributions taken from electron scattering data
[38] without any adjustment of the parameters.

The density distributions (MHO, 2pF) used in the present analysis have two param-
eters which in principle cannot be determined unambiguously from o; measured
for one energy. However, the calculations for the MHO densities show that o; is
mainly determined by the rms matter radius < 2, >1/2, This fact is demonstrated
in Fig.4(a) where the relation between o and the MHO parameters is shown for the
interaction of °Ne with a '2C target. The rms radius can be unambiguously obtained
from oy if the curves for constant < r2, >!/2 are parallel to those for constant o,
in the diffuseness parameter (a) vs. radius parameter (c, r) plane. As can be seen
in Fig.4(a), the loci of constant o; (dashed curves) are almost parallel to the loci
of constant < r2, >!/2 (solid curves) and thus give the possibility of rms radius
determination from o;. The Fermi model (2pF) density distributions with a larger
diffuseness results in larger interaction cross-sections as can be seen in Fig. 4(b).
As was shown in ref. [39], the optical limit of the Glauber model overestimates the
nuclear surface contribution especially for a very diffuse surface. However, the de-

11



pendence for the 2pF model is still rather weak and within a reasonable range of the
diffuseness parameter (a = 0.4 — 0.6 fm), the < r2, >!/2 can be determined with
an accuracy of a few percent. Moreover, Figs. 4(a,b) demonstrate that calculations
with a definite value of o; result in nearly the same values for the < rZ, >1/2 for
both the MHO and the 2pF density distributions.

J - 3.0 fm 1200 mb &}

L 2.75 fm 1110 mb )
1.8

L 2.5 fm

a (fm)
{

1.6

0.60

a (fml

Fig. 4.

Relation between fixed values of o (dashed curves) or projectile rms radii < 72, >/ (solid
curves) and the parameters of the nuclear density distributions. Fig. 4(a,b) show this rela-
tion for the MHO parameters a, a and the 2pF parameters a, 7o, for the system 2°Ne+'2C,
respectively. The plotted numbers indicate the values of rms radii and o7 chosen for the cal-
culations. In (c), the sensitivity of the o; — < r?,, >1/2 relation on differences between the
neutron (R,,) and the proton (R,) rms radii is shown for the 2°Mg+!2C case. The details
are explained in the text.

Another problem in the calculations is connected with the different density distribu-
tions of neutrons and protons in nuclei. This difference may also result in an ambi-
guity in the rms matter radii obtained from o;. However, Fig.4(c) demonstrates that
o7 again is mainly determined by the < r2, >!/2 and only slightly influenced by the
differences in neutron and proton rms radii when these are very large.

It is worthwhile to note that the calculations can be considerably simplified by the
method using surface-normalized Gaussian distributions [30]. However, when this

12



method is applied, the calculations show a change in sign for the dependence of the
diffuseness parameter on the rms radius; larger cross-sections correspond then to
smaller diffuseness. Thus, it is not possible to use this approximation in our case.

Our considerations so far lead us to the conclusion that the main free parameter of
the model is < r2 >!/? and that a fit of the measured o; values will provide, within
the restrictions discussed above, the rms matter radius of the projectile.

6 Discussion

The rms matter radii of the A = 20 isobaric sequence have been derived from the
experimental o; values for two different density parametrizations, MHO and 2pF.
For the Fermi model density (2pF), two cases were considered:

(1) the half density parameter r, was varied to fit the experimental data while the
surface thickness parameter a was kept constant,

(2) a was varied while rq was kept constant.

As can be seen from Tab. 1, the values obtained for the rms matter radii in these
two extrem cases agree well within the uncertainties of o; which are entirely due
to statistical and systematical uncertainties from the experiment (see Section 3); the
model descriptions were assumed to be exact in this context.

The dependence of nuclear matter radii on the isospin projection T, obtained from
the present analysis (see Fig.5(a) and Tab. 1) is surprising at first sight. The nucleus
?*Ne, which is known to be strongly deformed, reveals a relatively large < 72, >1/2,
%0 with a magic number of protons has the smallest radius of all nuclei investi-
gated. Its radius is smaller by 0.2 fm than the radius of the mirror nucleus **Mg.
This is probably related to a difference in binding energies of these nuclei, and gives
some evidence for the existence of a proton skin in 2°Mg. The < r2, >1/2 of the two
other mirror nuclei, ?°F and *°Na, are equal within the experimental errors.

In Fig.5(a), the experimental data from the present work are compared with the re-
sults of relativistic mean-field (RMF) calculations (solid line), which include shell
effects and deformation. The irregular dependence of the < r2, >1/2on T, observed
experimentally is qualitatively reproduced. As will be discussed below, the RMF
model parameters were adjusted to reproduce the rms charge radii < r2 >1/2 but
not < rZ >1/2 1In these calculations, the potentials were determined by using the
parameter set NL2 [43,44]. These parameters were adjusted in such a way that the
model reproduces measured ground state properties of nuclei such as charge radii
and charge density distributions as good as possible. The set NL2 is found to de-
scribe well the charge radii in the entire 2s1d - shell region [44,45].

Before we compare the predictions of RMF for the < r2 >!/2 of the A = 20 nu-
clei to experimental results, it is worthwhile to note that the nuclear charge radii
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Fig. 5.
(a) Dependence of rms matter radii on the isospin projection T, for A = 20 isobars. The
solid line represents the result of a relativistic mean-field calculation. (b) Difference between
neutron and proton radii for the A = 20 isobaric sequence.

for the sd - shell nuclei, which depend on the proton distributions (in contrast to
the matter radii discussed so far), behave anomalously as well. Fig. 6 demonstrates
this irregular behavior for stable nuclei as function of the atomic mass number A.
The < r? >!/2 of the even-even nuclei with N = Z are systematically larger than
those of neighboring nuclei. Since their charge form factors can be reproduced in « -
cluster models which include short range nucleon-nucleon correlations [41], the ob-
served peculiarities are most likely connected with the « - cluster structure of these
nuclei (see ref. [40] and references therein). It is interesting to note that the addition
of a neutron to such a nucleus results in a more compact configuration. The values of
< r?2 >'/2 in Fig.6 have been obtained either from electron scattering experiments
[38] or from X - ray measurements on muonic atoms (the latter we use for further
discussion) [16].

The difference between the charge radii, Ar, =< r2(A+2) >¥/2 — < r}(A) >'/?
of 80 and €0 is larger than any other such difference between two neighboring
even-even isotopes measured so far. Furthermore, the Ar. difference between 22Ne
and 2°Ne turns out to be more negative than the most negative Ar. data of neigh-
boring even-even isotopes. Such a decrease may be related to a decrease in intrinsic
nuclear deformation. An unusually large value for Ar. is observed between 'O and
20Ne, whereas a very small value is found between ??Ne and >*Mg (compare Fig.6).

We now compare the rms charge radii for the A = 20 isobars as derived from the
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Dependence of charge radii < r2 >!/2 for stable sd - shell nuclei on the mass number A.

Solid circles represent data obtained from electron scattering [38], open circles show results
from muonic-atom experiments [16].

RMEF calculations using the NL2 parameter set with values based on existing expe-
rimental data. The results are summarized in Fig. 7. The charge radius < r2 >1/2 of
?0Ne is known e.g. from X - ray measurements of muonic atoms [16]. Isotope shift
measurements [48] allow to evaluate the < r2 >1/2 of 2°Na by using a semiempiri-
cal model and taking the charge radius of 23Na [16)] as a reference. Unfortunately, the
result is extremely sensitive to the mass shift parameter and model dependent in this
way. The uncertainty in the < r2 >'/2 (see below) of *°Na indicated in Fig. 7 was
obtained by changing the model parameters within a reasonable range. Finally, the
< r2 >1/2 of 20 and ?°F can be evaluated by extrapolation from the known radii of
17180 and '°F [16,38]. In this case, we used the fact that the Coulomb displacement
energies (AE,) of isotopic sequences (O - F and F - Ne) are inversely proportional to
the charge radii [49]. A comparison of AE, values for isotopes with experimentally
known charge radii (oxygen, magnesium, potassium, calcium) shows that this state-
ment is valid within 2% of the accuracy in radii. Finally, the value for < r2 >1/2 of
20Mg can be evaluated by linear extrapolation [15] from radii of 242>26Mg [16]. The
radii obtained by these methods are in good agreement with the RMF calculations
as can be seen from Fig. 7.

The rms radii of the proton distributions, < r2 >=< r? > — < r2 >p.o10n, that are
displayed in Fig. 7 as results from experiment or from empirical extrapolations, and
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the experimental < r2 >'/? values obtained in this work were used to derive the
differences between the radii of neutron and proton distributions. These differences
are shown in Fig. 5(b). For all isobars except **Mg, *°Na, and 20N the resulting dif-
ferences disappear within the experimental uncertainties. However, the difference is
significant for those nuclei with a large excess of neutrons (*°N) or protons (*Mg,
20Na). The thickness of the proton skin for 20Mg (= 0.5 fm) is about the same as the
thickness of the neutron skin in the 2°N case.

3.2
3.0 -
N
> I
/\
[@N
~ 28t
A4
2.6 -
| | I | |

Fig. 7.
Rms radii of proton density distributions of A = 20 isobars. The values for *°0 and 20F,
obtained by extrapolation from the known radii of 1780 and '?F [16,38] are shown by solid
circles. The result of a linear extrapolation from known radii of the 24?5:26Mg isotopes to
20Mg is indicated by an open circle. The triangle represents the radius of 20Ne [16]. The
radius of 2°Na as estimated from isotope shift measurements [47] is shown by the square.
The solid line represents the result of a RMF calculation.

As was already mentioned in Section 1, a study of matter radii in the A = 17 se-
quence [7] revealed an anomalously large value for the proton-rich 17Ne isotope.
The proton halo of !"Ne, which has been obtained from these data, was interpreted
by demanding the last two protons in this nucleus to be abnormally in a 2s;, or-
bital [7,8]. One would expect the Coulomb displacement energies to reflect such an
admixture if this effect influences the radii. However, the comparison of Coulomb
displacement energies for the members of the T=2 multiplet (*°0 - *°F) with those of
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the T=1/2 nuclei (*’O - '"F) in 2s,,, and lds/, states does not show any significant
influence of a possible admixture of a 2s state in the T=2 multiplet. Hence, this ef-
fect alone cannot explain the large radius of 2°Mg [42]. Moreover, the dependence
of Coulomb displacement energies of the T=2 multiplet members on Z observed
experimentally is contradictory to the behavior expected from the uniform charge
spheres model. Good agreement with this AE. dependence can be achieved indeed,
when a strong correlation between the valence protons of the nuclei under investi-
gation is included in the calculations. Evidence for valence proton correlations was
also found from considering the proton binding energies for the systems of '°O plus
a few protons [42]. This observation lead to the conclusion that 2°Mg has a very spe-
cific structure characterized by a 'O core and a four-proton cluster. For 2°Mg, not
the admixture of low orbital momentum states (as for the '"Ne case), but correla-
tions between the valence protons, arising from their mutual interaction, determine
the existence of a proton skin. This skin is not a uniform proton distribution around
the core nucleus, but a specific cluster-like structure due to strong correlations be-
tween the valence protons [42]. By this means, the large radius of °Mg has the same
origin as the large charge radii of titanium isotopes in comparison to their calcium
isobars, as discussed in Section 1, or the neutron skin of 80 and the proton skin of
18Ne predicted theoretically [31].
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.
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Fig. 8.

(a) Dependence of the “spherical part” (see text) of the rms matter radii on binding energy for
A = 20 isobars. (b) Dependence of the "spherical part” of rms matter radii on the difference

between minimal energies necessary to remove one proton or neutron from a nucleus of the
A = 20 isobaric sequence.

From an investigation of experimental data around closed-shell nuclei a linear rela-
tionship between Ar? and the binding energies per nucleon A B/A has been found
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[11,12]. According to this relationship nuclear radii increase with decreasing bind-
ing energy. However, this simple dependence has only a very limited validity. When
a more complete basis of accurate measurements of radii is considered, no direct
correlation between A B/A and Ar? can be found with statistical significance. The
occurance of shell effects and deformation superimposes fluctuations on top of a
smooth global behavior [15], and the relationship can be very complicated. In order
to search for the appearance of such a correlation in matter radii for the A = 20 iso-
bars, we corrected the measured rms radii for deformation. We follow the procedure
described in ref. [16], which is based on a "pairing - plus - quadrupole” model [13],
where the nuclear shapes are parametrized as rotational ellipsoids with the deforma-
tion being limited to the quadrupole contribution. Under this assumption, the rms
radii can be written as:

-

J
< T2 >=< 7‘2 >apherical 1+ E < 5; > (10)

The deformation parameters < 3% > of the nuclei under consideration were taken
from a compilation of experimental data [46] and from RMF calculations.

The common tendency of increasing “spherical” nuclear radil < 12 > soherical With
decreasing binding energy B is visible in Fig. 8(a). This correlation becomes much
more pronounced if, instead of B, the differences between the minimal separation
energies for neutrons or protons, ¢, — €, is used as shown in Fig. 8(b). This fact can
be explained by a model in which only the valence nucleons are responsible for the
changes in nuclear radii.

7 Summary

Interaction cross-sections for the A = 20 isobars 2°N, 20, 2°F, 2°Ne, 2°Na and °Mg
with carbon have been measured within an accuracy of about 1%. Nuclear matter
rms radii have been derived from the measured o;. A large difference in < r2, >1/2
(= 0.2 fm) has been obtained for the two mirror nuclei 2°0 and **Mg. It was shown
that the values of < r2, >!/2 are influenced both by nuclear deformation and nuclear
binding energy. Evidence has been found that the valence nucleons determine the
changes in < r2, >/2,

The differences in rms radii of neutron and proton distributions have been estimated
by using < 2, >!/2 from the present experiment and charge radii obtained either
experimentally or in evaluations based on existing experimental data. The derived
charge radii are in good agreement with those calculated by means of RMF theory.
A significant difference in radii of neutron and proton distributions (= 0.5 fm) has
been found for nuclei with a large excess of neutrons (*°N) or protons (**Mg, *°Na).
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